Infrared spectroscopy resolves the structure of molecules by detecting their characteristic vibrational fingerprints. Subwavelength light confinement and nanophotonic enhancement have extended the scope of this technique for monolayer studies. However, current approaches still require complex spectroscopic equipment or tunable light sources. Here, we introduce a novel metasurface-based method for detecting molecular absorption fingerprints over a broad spectrum, which combines the device-level simplicity of state-of-the-art anglescanning refractometric sensors with the chemical specificity of infrared spectroscopy. Specifically, we develop germanium-based high-Q metasurfaces capable of delivering a multitude of spectrally selective and surface-sensitive resonances between 1100 and 1800 cm −1
INTRODUCTION
Optical sensors, where the properties of a target sample are inferred from light scattered or absorbed by it, are important for applications in diverse fields including security, environmental monitoring, bioanalytics, and diagnostics (1) (2) (3) (4) . Because these sensors operate in the optical far-field regime, they are inherently noninvasive in addition to providing high sensitivities. In biochemical detection, label-free optical techniques are of particular interest since they provide a toolkit for measuring molecular concentrations and interaction kinetics without interference from fluorescent labels or other external tags (5, 6) . Surface plasmon resonance (SPR) biosensors are the established gold standard in label-free technology, both in laboratory settings and commercial applications (7, 8) . SPR techniques are based on the resonant excitation of electromagnetic surface waves at a metal-dielectric interface, which provides a resonance that is highly sensitive to the refractive index of the surrounding analyte. One of the most common SPR device implementations is angle scanning, where momentum conservation is used to retrieve the resonance line shape using a single-wavelength source and a broadband detector. Overall, this approach provides low device-level complexity and does not require the use of a bulky and expensive spectrometer for accessing the refractometric response of the resonance. Although such refractometric methods can detect the presence of specific molecules in combination with suitable surface functionalization, they lack the capability of ab initio chemical identification. Chemically specific optical detection is enabled by the distinct absorption signatures of chemical and biological analytes at infrared (IR) frequencies (9, 10) . In particular, every molecule is characterized by the vibrational modes and associated absorption bands of its chemical bonds, which form the unique absorption fingerprint of the material.
Molecular absorption signatures are commonly accessed using mid-IR spectroscopy techniques, which can be combined with resonant metasurfaces to enhance and retrieve fingerprints from low amounts of molecules and monolayer samples (11) (12) (13) . Recently, surface-enhanced IR absorption methods have been emerging as powerful tools for resolving complex molecular interactions in chemical or biological systems with high sensitivity (11, 14) . So far, metalbased resonant plasmonic antenna geometries have predominantly been used to provide tailored absorption enhancement but face fundamental limitations due to the intrinsic damping of the metals (15) . This constraint can be addressed by introducing low-loss dielectric metasurfaces made out of materials such as amorphous silicon (16, 17) , gallium arsenide (18) , or chalcogenide glasses (19) . By providing high resonance quality (Q) factors, all-dielectric metasurfaces can enable highly sensitive surface-enhanced detection of biomolecules, polymers, and environmental toxins with new device implementations (20) . As a resonator material, germanium offers opportunities for improving the performance of dielectric sensors due to its higher refractive index and lower absorption losses in the mid-IR compared to silicon (21) .
In this article, we introduce a germanium-based metasurface sensor that combines chemically specific broadband IR detection with the device-level simplicity and spectrometer-less operation of anglescanning refractometric approaches. Specifically, we implement a nanophotonic resonator design that provides a highly surface-sensitive and spectrally sharp resonance, where the spectral position can be controlled with the incidence angle of the mid-IR light. This angle-multiplexed approach delivers a large number of on-demand resonances in the mid-IR from a single metasurface chip, only limited by the range of light incidence angles. For angular positions in which the resonances match the vibrational modes of analyte molecules, a strong modulation of the far-field optical response occurs because of highly accessible surfaceenhanced electric near fields. By retrieving the angle-resolved reflectance signal from such metasurface before and after coating with the analyte molecules, the full spectral content of the molecular absorption fingerprint can be retrieved. We experimentally realize a metasurface capable of providing more than 200 resonances when illuminated with incidence angles ranging from 13°to 60°and use the resulting wide spectral coverage between 1100 and 1800 cm −1 with a 1.4 cm −1 resonance step size to demonstrate chemically specific detection of different molecular analytes such as polymers, proteins, and DNA. Specifically, we implemented a multianalyte bioassay to detect human odontogenic ameloblast-associated protein (ODAM) by using single-stranded DNA aptamers, which has strong implications for diagnosing periodontal diseases. Last, we show that our method is capable of retrieving spectrally resolved molecular fingerprint information even when used with incoherent broadband light sources and detectors, paving the way toward compact and low-cost mid-IR sensors.
RESULTS
Angle-multiplexed metasurface sensor concept Angle multiplexing is a powerful concept that allows encoding of different values of optical parameters such as polarization or phase on a single metasurface (22) , unlocking additional degrees of freedom in realizing versatile nanophotonic devices. However, so far, this flexibility has not been leveraged for sensing or spectroscopy applications. Our anglemultiplexed device is designed to resonantly reflect in a narrow spectral range around a frequency n at each incidence angle q when illuminated with a broadband source (Fig. 1A) . This optical response is provided by a dielectric metasurface consisting of an anisotropic zigzag array of germanium resonators on a calcium fluoride (CaF 2 ) substrate, which interact collectively to generate ultrasharp resonances in reflection. Crucially, the metasurface provides a monotonic relationship between the resonance frequency and the incidence angle, allowing us to uniquely associate every angular position with a specific target frequency in the spectral working range (Fig. 1A, bottom) . Our high-Q metasurface design not only provides angle-multiplexing capabilities but also supports strongly enhanced electric near fields in the vicinity of the resonators, leading to high surface sensitivity. Nearfield coupling to adsorbed analyte molecules causes a pronounced attenuation of the resonance line shape dependent on the strength of the absorption bands (Fig. 1B) . The high surface sensitivity combined with the spectrally selective resonant reflection for specific incidence angles enables the implementation of a compact sensor device consisting of a broadband source, two mirrors on coaxially rotating arms, and a broadband detector (Fig. 1C) .
Our angle-multiplexed fingerprint retrieval (AFR) method detects samples on the sensor surface by measuring the analyte-induced light intensity change at each incidence angle. By combining signal measurements at all angular steps, the absorption spectrum of the analyte is recovered. The output of such an AFR device is uniquely determined by the magnitude and spectral location of the vibrational bands of the analyte, which are correlated with the imaginary part k of the complex refractive indexñ ¼ n þ ik (Fig. 1D) .
The fundamental building block of our metasurface design is a rectangular unit cell featuring two elliptical germanium resonators on top of a CaF 2 substrate, where the main ellipse axes are tilted asymmetrically with respect to each other to produce a zigzag array ( Fig. 2A) . The structure height is 800 nm, while the ellipse short and long axis are 900 and 2250 nm, respectively, with an orientation angle of 10°against the y axis. When excited with light polarized along the x axis at normal incidence, this metasurface based on symmetry-broken elements is capable of delivering an ultrasharp resonance (Q > 200) with low spectral background ( Fig. 2B) , originating from the physics of bound states in the continuum (BIC) (23, 24) . These types of interference-governed resonant states were originally introduced in quantum mechanics but have since been extended to other branches of wave physics such as acoustics and optics (24) (25) (26) . On a fundamental level, a BIC can be considered as a localized state with vanishing fields within a continuous spectrum of radiating waves. Consequently, an ideal BIC would exhibit an infinite Q-factor and would be inaccessible for electromagnetic probes from the far field. To access and exploit these states in metasurface optics, quasi-BIC can be realized by breaking the symmetry of the underlying resonant structure (23) as shown in Fig. 2A . In addition, germanium provides negligible intrinsic material losses over the full mid-IR range, further supporting the formation of high-Q resonant modes. The metasurface resonance can be excited as long as the incident light provides a nonzero electric field component along the x axis. Therefore, we can scan the light incidence angle in two different planes (yz and xz) of the unit cell while maintaining efficient metasurface operation. These two ways of exciting the system will be designated as "modes" from now on. Specifically, the first mode (TE y ) describes The dielectric metasurface design consists of a zigzag array of elliptical germanium resonators on a calcium fluoride substrate. When varying the incidence angle, we consider both the TM x (red plane) and the TE y (blue plane) modes. (B) Simulated reflectance spectra for normal incidence and for an incidence angle of q = 55°in both TM x and TE y modes. The two modes show similar spectral shifts of around 300 cm light with k vector in the yz plane and light polarization along the x axis. The second mode (TM x ) refers to k vector and polarization along the xz plane. Numerical simulations of the metasurface confirm the formation of an ultrasharp resonance line shape in reflection with a Q-factor of 270 at normal light incidence (Fig. 2B ). In addition, the numerical data demonstrate a spectrally clean resonance with a low background reflectance. The resonance can be shifted toward either higher or lower wave numbers for increasing incidence angles depending on which mode is used.
To further quantify the resonance tuning behavior, we calculate and plot the full angular dispersion of the metasurface reflectance spectra. The use of both the TE y and TM x resonance modes enables an extremely wide and continuous spectral tuning range from 1080 to 1820 cm −1 for incidence angles between 0°and 60° (Fig. 2C) . The resonance remains spectrally clean with low background reflectance over the full tuning range and provides a monotonous relationship between resonance frequency and light incidence angle. In addition to the angular tunability, the high-Q dielectric metasurface strongly amplifies the electric near fields around the resonators with intensity enhancement factors I/I 0 of up to 6000 (Fig. 2D) . Advantageously, the highly enhanced near fields are mostly located on the outer surface of the resonators, making our nanophotonic design very attractive for sensing applications.
The remarkable resonance frequency angular sensitivity can be explained by the collective nature of the quasi-BIC, where the retardation among meta-atoms plays a crucial role in determining the resonant properties of the collective mode. We can develop a deeper understanding of this behavior by modeling the system as an effective medium and considering its impedance Z eff = −iwL eff + i/(wC eff ) + R eff , which is calculated from the effective inductance L eff , capacitance C eff , and resistance R eff of the quasi-BIC. These effective parameters can be derived from the lattice sum of the complex electromagnetic interaction of the array with retardation taken into account (27) . Since the scattered field from an in-plane electric dipole is intrinsically anisotropic in the plane of the metasurface, the electromagnetic interaction of the meta-atoms is also anisotropic. As a result, the lattice sum of the electromagnetic interaction provides different responses when retardation is increased along either the x or y axis of the unit cell under oblique excitation (see the Supplementary Materials). This effect can lead to an opposite resonance shift of the quasi-BIC when the plane of incidence changes from xz (TM x mode) to yz (TE y mode). Our analysis reveals that this behavior is a general feature of zigzag dipole arrays made from different materials, which can be observed even in a simple zigzag array of line dipoles embedded in an isotropic medium with a unity refractive index (Fig. 2E) . The calculated effective impedance of the line dipoles is shown in (Fig. 2F) , where the circles mark the zeros of the imaginary part of the effective impedance Im(Z eff ) = 0, which determine the angle-dependent resonance frequencies of the quasi-BIC. For further details on the effective impedance and inductance calculations, see the Supplementary Materials (figs. S1 and S2).
Angle-multiplexed fingerprint retrieval
The germanium-based sensor metasurface was fabricated via top-down electron beam lithography on a CaF 2 substrate. For compatibility with open beam angle-scanning measurements, a large-area metasurface with an approximate diameter of 4 mm was realized to fully cover the incident light beam (Fig. 3A) . Scanning electron microscopy images show excellent uniformity of the resonator structure sizes over such a large area together with the accurate reproduction of the individual resonator geometry (Fig. 3B) . The minimum gap size between adjacent resonators is above 200 nm, which is suitable for high-throughput fabrication methods such as soft-imprint lithography (Fig. 3C) .
The metasurface optical performance was characterized with a Fourier transform IR (FTIR) spectrometer (Bruker Vertex 70v) equipped with a variable angle reflection accessory (Bruker A519/Q). We chose an angular range between q = 13°and q = 60°with 0.2°angular resolution, which resulted in a total of 236 acquired reflectance spectra per angle scan. The minimum scan angle of 13°is due to the mechanical limitations related to the size of the mirrors in the variable angle accessory.
Normalized reflectance spectra for both TE y and TM x excitations are shown in (Fig. 3D) . For presentation, a subset of all spectra with an average peak position separation of 15 cm −1 is chosen to improve clarity. The high-Q resonant behavior with low background reflection is in good agreement with the simulated results. In addition, the experiments confirm the wide resonance frequency tunability from 1120 to 1805 cm . The resonance quality factor remains high for all incidence angles with an average Q-factor of 121 ( fig. S3 ), enabling high sensitivity and spectral selectivity throughout a broad spectrum covering a multitude of distinct molecular fingerprints. The resonance step resolution could be improved further by using commercially available rotation stages with angular resolution below 3 × 10
degrees, which would increase the number of resonances by more than two orders of magnitude compared to our experiments.
To assess the surface sensitivity of the dielectric metasurface, we spin-coated a thin film of polymethyl methacrylate (PMMA) onto the chip. The normalized reflectance spectra after PMMA deposition show strong attenuation of the reflectance peaks correlated with the vibrational bands of the polymer (Fig. 3E) . To further quantify the retrieved absorption signature of the PMMA, we calculated the absorbance A(q) from the peak reflectance amplitudes R 0 and R A at each incidence angle before and after polymer coating following A(q) = −log 10 (R A /R 0 ) (Fig. 3F) .
For comparison, a standard IR reflection absorption spectroscopy (IRRAS) measurement was performed with a PMMA layer on a gold surface, spin-coated using the same parameters as in the previous experiments. We find that the presence and spectral position of the PMMA vibrational bands are in good agreement between our anglemultiplexed approach and the IRRAS measurement. Moreover, our metasurface delivers a more than 50 times higher absorption signal due to the strongly enhanced near-field vibrational coupling.
Spectrometer-less sensor operation
The wide applicability of traditional angle-scanning SPR approaches originates from their high sensitivity and capability for spectrometerless operation. To show that our metasurface-based concept can be implemented with similar device-level simplicity, we examine the spectral distribution of reflected light intensity in our measurements before and after PMMA deposition in more detail (Fig. 4A) . We find that due to the low resonance background signal, the majority of the analyte-induced optical modulation occurs as reflectance changes close to the resonance peak itself (Fig. 4B) .
Therefore, when illuminating the sensor metasurface with a broadband light source, the total reflectance signal for any given incidence angle is strongly correlated with the strength of the molecular absorption band at the corresponding resonance frequency. By recording the total reflectance intensity for all incidence angle steps, the full absorption signature of the molecular analyte can be retrieved over the spectral operating range of the metasurface. This detection method can be implemented using a broadband detector and light source, enabling spectrometer-less operation. In this total reflectance configuration, the final spectral resolution of the approach is determined by both the resonance step size introduced above and the Q-factor of the resonances. In our experiments, we chose a resonance step size of around 1.5 cm . This resolution value is up to one order of magnitude narrower than the spectral feature size of the target samples' vibrational bands, such as those from proteins. Commonly used FTIR spectroscopy typically operates at a resolution of 8 to 4 cm −1 for protein studies. By moderately increasing the angular resolution and the resonance Q-factor (18), highly competitive spectral resolutions below 2 cm −1 could be achieved ( fig. S4) .
To demonstrate the viability of this approach, we evaluated the total reflectance intensities I 0 and I A before and after PMMA deposition using spectral integration (Fig. 4B and fig. S5 ). The angle-dependent sensor signal of our AFR method was then calculated via S AFR = −log 10 (I A /I 0 ). Since there is a one-to-one correspondence between the incidence angle and the metasurface resonance frequency (see Fig. 3D ), the AFR signal is represented as a function of wave number.
The AFR signal for the PMMA layer clearly captures the multiple characteristic absorption features of the deposited polymer molecules (Fig.  4C) . Efficient fingerprint retrieval is maintained even for spectrometerless operation, and the AFR signal provides results similar to the previous spectroscopic evaluation of the peak reflectance attenuation (Fig. 3F) . The disagreement in the spectral region around 1600 cm −1 arises because of a slight red shift of the resonance after analyte coating and the uneven spectral intensity profile of the used light source. This discrepancy can be minimized by using a light source with more even spectral power distribution. Note that the resonance red shift and uneven illumination does not affect the response in spectroscopic operation as can be seen in Fig. 3F .
To highlight the capabilities of broad spectral coverage of our sensor to chemically detect a wide range of different analytes, we performed a bioassay for the detection of human ODAM by using single-stranded DNA aptamers, which can specifically bind to ODAM (28) . Since ODAM plays a key role in odontogenesis, it has been considered as a strong biomarker protein for diagnosing periodontal diseases (29, 30) . On the basis of a high correlation between the level of ODAM in gingival crevicular Normalized reflectance spectra of the metasurface before analyte coating. The angular range is from q = 13°to q = 60°, which corresponds to a wide spectral tuning range of 1120 to 1800 cm −1 . (E) Normalized reflectance spectra after deposition of a spin-coated PMMA thin film. Multiple molecular absorption bands of the PMMA are clearly visible as a distinct modulation of the reflectance spectra. (F) Absorbance spectrum in optical density (OD) units calculated from the reflectance envelopes before and after analyte coating. Agreement with independent IRRAS measurements is excellent, and a signal enhancement factor of around 50 is observed.
fluid and the severity of periodontal diseases, the facile and fast detection of ODAM is expected to give an adequate treatment to patients in a timely manner and enable the early diagnosis of periodontal disorders. In addition, most of the current detection methods still need expert skills and laborious procedures to render a clinical diagnosis. Therefore, applying a bioassay based on ODAM-specific binding aptamers on our device could address the needs for an early, simple, and rapid diagnosis of periodontal diseases and their progression. During the course of the bioassay, we first physisorbed polylysine molecules onto to the sensor surface, which produced strong absorption signal increases at multiple spectral positions of 1150, 1530, and 1640 cm −1 , which are connected to the backbone, amide II, and amide I absorption bands of the molecules, respectively (Fig. 4D) . After polylysine deposition and rinsing with deionized water, single-stranded DNA molecules were incubated on the metasurface. Because of the negative net charge of DNA and the positively charged polylysine, the DNA aptamers bind to the surface through electrostatic interaction. The bound aptamer molecules produce distinct absorption signal increases at 1235 and 1650 cm −1 , which are well correlated with literature data of singlestranded DNA absorbance (31) . The final step of the bioassay was the binding of ODAM protein to the single-stranded DNA aptamers, which could be detected by the strong signal increases at the characteristic amide I and amide II absorption bands at 1540 and 1660 cm −1 (Fig. 4D) . The high signal-to-noise ratio of our angle-multiplexed detection approach allows us to resolve submonolayer analyte molecule amounts with a limit of detection of 3000 molecules/mm 2 , which would correspond to a surface mass sensitivity of 0.27 pg/mm 2 ( fig. S6 ). This level of sensitivity can be achieved in the spectrometer-less operation mode of our angle-scanning method, highlighting the potential of AFR-based sensors for realizing compact absorption fingerprint detectors.
DISCUSSION
We have demonstrated a novel metasurface-based mid-IR sensor approach, which simultaneously provides strong enhancement of the electromagnetic near fields and external tuning of the resonance frequency by controlling the incidence angle of light. By using straightforward angle-scanning reflectance measurements, we have obtained a multitude of ultrasharp (Q > 100) and highly surface-sensitive resonances over a wide spectral range from 1100 to 1800 cm −1 with a spectral tunability step size smaller than 1.5 cm
. We used this all-dielectric sensor metasurface to detect the characteristic mid-IR absorption fingerprints of surface-adsorbed molecules by correlating the reflectance signal at each incidence angle with the strength of the molecular absorption at the corresponding resonance frequency. We have shown that our method can be implemented using a broadband incoherent light source and a detector to enable the spectrometer-less retrieval of spectrally resolved molecular fingerprints. In comparison to other angle-scanning techniques such as SPR, our method provides not only high sensitivity but also chemical specificity, unlocking new opportunities in label-free biosensing. We have leveraged our AFR technique to detect the absorption signatures of polylysine, DNA aptamer, and ODAM protein molecules relevant for periodontal disease detection in a multistep bioassay over a broad spectral range, allowing detection of their association with a highly competitive surface mass sensitivity of 0.27 pg/mm 2 . Because our approach is capable of extracting absorption fingerprints without the need for bulky spectrometers or tunable lasers, it holds the potential for enabling a new toolkit of sensitive, cost-effective, and field-deployable sensors for a wide range of applications.
MATERIALS AND METHODS

Numerical calculations
The numerical simulations of the metasurface optical response for different illumination angles were performed using the frequencydomain finite-element method Maxwell solver from CST STUDIO SUITE 2017. The unit cell geometry was defined by the periodicities P x = 4050 nm and P y = 2340 nm, the long and short ellipse axes of A = 2250 nm and B = 900 nm, and the ellipse height of H = 800 nm. The ellipse orientation angle along the y axis was set to a = 10°. The resonator geometric parameters were chosen for optimal tradeoff between spectral tunability range, resonance quality factor, and the resonance background reflectance. The resonance tunability is set by the spectral separation between the main resonance and the first grating order, while the resonance background and quality factor is highly dependent on the ellipse eccentricity and ellipse tilt angle a.
The light incidence angle q was varied from 0°to 60°for both TM x (φ = 0°) and TE y (φ = 90°) modes with 0.5°steps. The refractive index values for the germanium resonators and CaF 2 substrate were taken as n = 4.01 and n = 1.38 in the spectral range of 1000 to 1800 cm −1 . The germanium and CaF 2 materials are assumed to have no intrinsic losses in the corresponding spectral range.
Metasurface fabrication
Fabrication was performed on calcium fluoride (CaF 2 ) substrates, which have low absorption losses and a low refractive index in the mid-IR spectral range. A magnesium oxide (MgO) layer of 5-nm thickness was sputtered as a buffer layer for increased germanium layer stability on CaF 2 substrates. On top of the MgO layer, an 800-nm-thick germanium layer was deposited by direct current (DC) magnetron sputtering. The resonator pattern was defined using electron beam lithography in spin-coated double-layer PMMA (PMMA 495 K and PMMA 950 K) films. An Al 2 O 3 hard mask of 20-nm thickness was deposited via electron beam evaporation and wet chemical lift-off process. The resonator pattern was subsequently transferred into the underlying germanium layer by fluorine-based dry plasma etching. To passivate the germanium surface, the resonators where uniformly coated with 10 nm Al 2 O 3 by atomic layer deposition.
Analyte preparation
The PMMA resist analyte solution was produced by dissolving PMMA with an average weight of 350,000 g/mol in anisole with a concentration of 3 mg/ml. The thin film was deposited by spin-coating the PMMA solution (3 mg/ml) onto the metasurface using 6000-rpm spin speed. The same procedure was carried out for the IRRAS PMMA reference measurement.
For the bioassay measurements, polylysine was diluted in phosphatebuffered saline solution to a concentration of 100 mg/ml. The metasurface chip was incubated with the polylysine to allow polymer physisorption.
The single-stranded DNA aptamer molecules were prepared in 10 mM (pH 7.4) phosphate-buffered saline with 20 mM concentration and bound to the polylysine-coated chip surface. As an aptamer-specific binding molecule, human ODAM sample solution (0.25 mg/ml) was prepared by using the same buffer conditions as for DNA aptamer solution preparation. The used DNA sequence for the ODAM specific aptamer was as follows (28): 5′-CCATTCGTACGCAACAGGGATG-CATCGACTGTAAAC ACGTGGATGGCTCTGAATGC-3′.
Optical measurements
Optical performance of metasurfaces was characterized with a FTIR spectrometer (Bruker Vertex 70v) equipped with a variable angle reflection accessory (Bruker A519/Q). The reference measurement for the spin-coated thin PMMA layer was carried out using IRRAS. At first, a reference reflectance spectrum of gold mirror was measured, after which the reflectance from the spin-coated PMMA thin film was measured. The spectrum of the analyte was measured with a FTIR spectrometer (Bruker Vertex 80v) using a variable angle reflection accessory (Harrick SEAGULL). The measurements were made at 80°light incidence angle with transverse magnetic polarized light. References (32) (33) (34) 
SUPPLEMENTARY MATERIALS
